Abbreviations
=============

APC

:   adenomatous polyposis coli

Bcl^-^9

:   B-cell CLL/lymphoma 9 protein

CDR

:   complementarity-determining region

CFU

:   colony forming unit

CK1

:   casein kinase 1

ELISA

:   enzyme-linked immunosorbant assay

FAP

:   familial adenomatous polyposis

GSK3β

:   glycogen synthase kinase 3 β

HCAb

:   heavy chain only antibody

HEK

:   human embryonic kidney

LRP

:   Low density lipoprotein receptor related protein

MOI

:   multiplicity of infection

PBMC

:   peripheral blood mononuclear cell

scFc

:   single chain IgG Fc domain

SEM

:   standard error of the mean

TOPflash

:   *luciferase* reportergene downstream of TCF/Lef binding sites and a minimal promoter

VHH

:   variable domain of a HCAb

Introduction {#s0001}
============

Most mammalian genomes express 19 known Wnt genes, which encode a family of lipid-modified secreted proteins of approximately 40 kDa in size. Wnt signaling has a central role in adult tissue homeostasis, including control of stem cell proliferation in the gut and the hair follicle cycle, osteoblastogenesis and haematopoietic cell differentiation (for a review see ref 1). In resting cells, β-catenin turnover is regulated by the destruction complex, which contains the tumor suppressor adenomatous polyposis coli (APC), among other proteins. Activation of the canonical Wnt/β-catenin pathway by exogenous Wnt results in the stabilization and activation of β-catenin, which translocates from the cytoplasm into the nucleus where it interacts with numerous partners including the TCF/LEF family. Formation of the bipartite β-catenin/TCF transcription factor[@cit0002] activates the transcription of Wnt responsive genes[@cit0003] shown in [**Figure 1**](#f0001){ref-type="fig"}. Studies of β-catenin have revealed it to be a multi-functional protein which also has roles in cell-cell adhesion,[@cit0004] as a component of the adherens junction, linking E-cadherin to the cell cytoskeleton.[@cit0005] Structurally, β-catenin contains a series of 12 armadillo repeats, each of which is approximately 40 amino acids, surrounded by unstructured N- and C-terminal domains.[@cit0006] Protein-protein interaction mapping experiments have demonstrated that all 3 β-catenin domains are involved in both signaling and cytoskeletal interaction.[@cit0007] Over 38 β-catenin interaction partners have been documented (<http://www.stanford.edu/group/nusselab/cgi-bin/wnt/protein_interactions>). Regulation of intracellular Wnt signaling is achieved through the modification of the interaction of β-catenin with its protein partners, generating multiple intracellular pools, phosphorylation states and conformational forms of β-catenin within the cell, as reviewed in Valenta et al.[@cit0009] Figure 1.Canonical Wnt/β-catenin signaling pathway: OFF state. In the absence of Wnt, β-catenin (β-cat) is constantly turned over by the destruction complex. The destruction complex is assembled and maintained by scaffolding proteins Axin and APC. While associated with this complex, β-catenin is sequentially phosphorylated by CK1 and GSK3; phosphorylated β-catenin is recognized by the E3 ubiquitin ligase complex (β-Trcp) and degraded. ON state. Wnt binding to LRP5/6 and Frizzled cell surface Wnt co-receptors initiates canonical signaling, leading to the recruitment of Dishevelled (Dvl) and release of β-catenin from the degradation complex. β-catenin translocates to the nucleus where it binds to the TCF complex. Wnt target genes are actively transcribed. Points of modulation by potential therapeutic molecules are shown in blue for activating molecules and red for inhibitory molecules.

Mutations affecting the Wnt signaling pathway play a role in many diseases including, but not limited to, bone density disorders,[@cit0010] Alzheimer\'s disease[@cit0013] and numerous cancers. In fact mutations on this pathway are believed to be present in approximately 20% of all human cancers,[@cit0014] with the majority of colorectal cancers bearing a mutation in the Wnt signaling pathway. One of the most frequent mutations is found in the *APC* gene (reviewed by Bienz and Clevers),[@cit0015] causing the inherited condition familial adenomatous polyposis (FAP), which results from the loss of one allele of *APC*, leading to the formation of a high number of intestinal polyps and an increased predisposition to colorectal cancer. Additionally, mutations of the β-catenin gene have been identified in ovarian cancers,[@cit0016] hepatocellular carcinomas,[@cit0017] endometrial carcinomas[@cit0018] and prostate cancer.[@cit0019] Mutations that over-activate the transcription of Wnt/β-catenin target genes are completely dependent on transcriptionally active nuclear β-catenin, hence disrupting the transcriptional activity of β-catenin is of great therapeutic interest. A number of previous studies have identified small molecule[@cit0020] and conventional antibody[@cit0028] inhibitors of the Wnt signaling pathway, shown in [**Figure 1**](#f0001){ref-type="fig"}.

Intracellular antibodies are antibody or antibody fragments located within a cell, sometimes in a particular cellular compartment, where they interact with their target antigen. Intracellular antibodies have been used in the study of several disease pathways including Ras-expressing tumors,[@cit0029] Alzheimer\'s disease[@cit0030] and Huntington\'s disease.[@cit0031] Intracellular antibodies act in a complementary way to other techniques used to study intracellular protein function; for instance they do not prevent the gene protein product from being formed, like RNA interference, or rely on the expression of a mutated form of protein, but instead disrupt or alter the function of the endogenous protein in its native conformation inside the cell. Intracellular antibodies are of particular use in the study of multi-functional proteins, disrupting just one function such as DNA binding[@cit0032] rather than ablating total protein function. The antigen binding domains of heavy chain only antibodies (HCAbs), referred to as VHHs, are particularly suited for use as intracellular antibodies. VHHs contain 'hallmark' substitutions in framework 2, which are proposed to change this predominantly hydrophobic area in a VH where it packs against the VL, into a hydrophilic region in a VHH.[@cit0033] This helps to explain the monomeric nature and high solubility of many individual VHH domains,[@cit0034] which are desirable characteristics for intracellular antibodies. Here, we have applied VHH intracellular antibodies to the study of β-catenin biology. We generated and characterized VHH intracellular antibodies capable of specific inhibition of β-catenin\'s co-activator of transcriptional activity. Such VHHs represent useful tools for the future study of the Wnt signaling pathway, probing novel sites for potential therapeutic intervention.

Results {#s0002}
=======

Identification of anti-β-catenin VHHs {#s0002-0001}
-------------------------------------

Generation of VHHs for use as intracellular antibodies targeted to β-catenin was achieved via immunisation of 2 llamas with purified full-length recombinant human β-catenin. A phage display library of VHH domains was then produced from llama peripheral blood mononuclear cells (PBMCs). The library contained approximately 2 × 10^8^ members as determined by dilution titer, and sequence analysis of 158 individual members demonstrated that 78% contained in-frame VHH domains. Each of the VHH subfamilies previously identified in llamas was present,[@cit0035] along with 8% of conventional VH sequences. The percentage of conventional VH sequences was in line with previous reports of some conventional VH sequences being found as HCAbs.[@cit0036]

We selected β-catenin-specific VHHs from the immune phage library by panning against biotinylated β-catenin both in-solution and adsorbed directly to immunotubes. When panning β-catenin adsorbed to immunotubes, 2 stringencies of washing were used, termed Low and High wash. After only 2 rounds of phage display, incubation of the library with immunotubes coated with β-catenin showed approximately 1000-fold enrichment in phage binding compared with uncoated tubes, indicating that panning had successfully enriched β-catenin-specific VHHs. A single round of panning was carried out in-solution, in an effort to prevent over-selection and loss of VHH sequence diversity. Ninety-six clones were picked from the output of each of the individual rounds of panning that were undertaken. Monoclonal phage rescues were performed and screened by enzyme-linked immunosorbant assay (ELISA) to reveal β-catenin-specific VHHs. Depending on the panning technique and round of panning, the percentage of β-catenin-specific VHHs recorded per screening plate varied from 43 to 100% ([**Table 1**](#t0001){ref-type="table"}). Only a single binder was observed on an irrelevant protein (streptavidin, data not shown). In total, over 50 different variable regions sequences that bound to β-catenin by ELISA were identified, including representatives from each VHH subfamily described previously.[@cit0035] The VHHs were further divided based on complementarity-determining region (CDR)3 diversity into 12 different antibody 'CDR3-families' and 19 individual sequences that were not similar enough to be defined as family members. In this instance CDR3 families were defined as those containing 90% sequence identity in CDR3. In order to visualize the diversity of the VHH panel produced, we performed a principal components analysis (PCA)[@cit0037] on a concatenated sequence of all 3 CDRs of each VHH. For the PCA 3 sequence variables values were generated for each CDR residue representing size, electronic nature and hydrophobicity of the amino acid found there. The PCA then maps these sequence variables in a linear manner so that the complexity of the data is reduced but the variance between the data is maximized and described by principal components (PC) 1 and 2. The outcome of this analysis is shown in [**Figure 2**](#f0002){ref-type="fig"} as a 2-dimensional (2-D) data plot. The distance between 2 points in [**Figure 2**](#f0002){ref-type="fig"} is directly proportional to CDR sequence identity. Antibodies of identical CDR sequences resulted in the co-localization of data points on the 2-D plot. The wide spread of data points in [**Figure 2**](#f0002){ref-type="fig"} shows the broad diversity of VHH antibody sequences identified. Table 1.Input and output titres for all rounds of phage displayPanning RoundInput titre (cfu)Output titre (cfu)β-catenin binders (%)Low Wash Round 16.4 × 10^11^6.3 × 10^7^42.5Low Wash Round 22.5 × 10^11^1.6 × 10^8^85Low Wash Round 2 (without β-catenin)2.5 × 10^11^1.5 × 10^5^---High Wash Round 16.4 × 10^11^3.3 × 10^7^85High Wash Round 21.7 × 10^11^5.5 × 10^8^100High Wash Round 2 (without β-catenin)1.7 × 10^11^8.0 × 10^4^---In-solution Round 16.4 × 10^11^4.2 × 10^7^44 Figure 2.Diversity assessment of llama anti-β catenin VHH antibodies. For each antibody the 3 CDRs were concatenated and aligned in a pairwise, comprehensive manner to generate a sequence distance value. A principal components analysis (PCA) was used to reduce the dimensionality of these data and generate a 2-dimensional data plot. Data for principal component (PC) 1 and 2 are shown on the X and Y axis, respectively. Separately just CDR3 identity was analyzed, and antibodies that demonstrated over 90% sequence identity across CDR3 were deemed to belong to an antibody family. Families have been colored (those data points of the same color are considered to be in a family). All other sequences (black squares) were considered unique. Identical CDR sequences are co-located on the 2-D plot, but indicated with a circle.

Functional inhibition of β-catenin activity {#s0002-0002}
-------------------------------------------

All of the β-catenin binding VHHs were sub-cloned into a mammalian intracellular expression vector containing a myc-HIS tag, and screened for functional modification of β-catenin using a HEK293 bioassay, which permits measurement of Wnt-induced expression of the firefly luciferase reporter. To control for off-target effects of intracellular antibody expression, a vector constitutively expressing *Renilla* luciferase was co-transfected such that antibodies of interest would be expected to inhibit firefly luciferase expression, but not *Renilla* luciferase. Western blotting on parallel samples was used to confirm VHH expression levels ([**Fig. 3**](#f0003){ref-type="fig"}). Co-transfection of a Wnt1 expression plasmid and the anti-β-catenin VHHs demonstrated that these intracellular antibodies were generally well tolerated in the HEK293 reporter bioassay and gave firefly and *Renilla* luciferase activity signals that were comparable to the empty vector control ([**Fig. 3**](#f0003){ref-type="fig"}), indicating that they were neither toxic nor had a functional effect on β-catenin. In contrast, 3 intracellular antibodies (9, 16 and 17) demonstrated potential cellular toxicity since they produced marked decreases in firefly and *Renilla* luciferase activities. Figure 3.Screen for function of VHH intracellular antibodies transiently transfected into HEK293 bioassay cells. Wnt signaling was induced by co-transfection of the Wnt1 gene. (**A**) Firefly luciferase activity, results are plotted as fold stimulation over empty vector transfected unactivated cells, all conditions performed in triplicate. (**B**) *Renilla* luciferase activity, results are plotted as raw signals. Data shows mean and SEM from a representative experiment. (**C**) Western blots of bioassay cells, cells from replicate bioassay plate wells were resuspended in LDS sample buffer (+DTT), and Western blots were performed with anti-myc antibodies. V refers to empty vector.

In total, 4 active intracellular VHH antibodies (LL3, 12, 14, 15) specifically inhibited the Wnt-induced firefly luciferase signal, but not the constitutive *Renilla* luciferase signal compared to the vector only control. Expression of these antibodies was confirmed by Western blotting ([**Fig. 3**](#f0003){ref-type="fig"}). Intracellular antibody LL3 was selected for further characterization based on analysis of multiple factors including expression levels of VHH fragments, sequence diversity and amenability to CDR3 mutagenesis for retention of molecular integrity and ablation of specific binding. Only VHH LL3 fulfilled each of these criteria.

To confirm that the inhibition of Wnt signaling mediated by LL3 was a direct result of binding to β-catenin, Ala mutations were introduced to CDR3 to create the non-binding control antibody, LL3.CDRAAA ([**Fig. 4A**](#f0004){ref-type="fig"}). The binding properties of LL3.CDRAAA and the parent antibody, LL3, were compared as VHH fragments with single chain Fc (scFc) tags. LL3-scFc binding to β-catenin was confirmed by ELISA, while LL3.CDRAAA-scFc demonstrated no detectable specific binding to β-catenin when tested by ELISA ([**Fig. 4B**](#f0004){ref-type="fig"}). The affinity of the parent VHH, LL3-scFc, for β-catenin was determined by SPR to be 4nM. Figure 4.Intracellular antibody LL3 and CDR3 mutant control intracellular antibody LL3.CDRAAA. (**A**) CDR3 alignments of LL3 and LL3.CDRAAA. (**B**) β-Catenin binding ELISA results for LL3 and LL3.CDRAAA with scFc tags. Biotinylated β-catenin was captured on to streptavidin coated plates, and VHH-scFc constructs were then added in half log dilutions from 32 nM and revealed with anti-mouse Fc HRP. The plates were read at 630 and 490 nm and ΔOD recorded. The negative control is a vector only DNA control transfection culture supernatant. Error bars represent 95% confidence limit. (**C**) Intracellular expression of intracellular antibodies LL3 and LL3.CDRAAA. Expression vectors containing VHH intracellular antibody encoding genes were transfected into HEK293 luciferase bioassay cells, with *WNT1-*containing vector. Forty hours post transfection, cells were resuspended in LDS sample buffer, 10 μL of each sample was run on a 4--12% bis-tris gel followed by Western blot, probed with mouse anti-myc. Analysis of band density was performed on GE Healthcare ImageQuant analysis software. (**D**) Relative activities of intracellular antibodies LL3 and LL3.CDRAAA in the HEK293 Wnt-induced luciferase reporter bioassay. LL3 and LL3.CDRAAA were tested for firefly and *Renilla* luciferase activity in the bioassay. Wnt signaling was induced by co-transfection of the *Wnt1* gene. Results plotted as firefly luciferase activity relative to *Renilla* luciferase activity for each well. All conditions performed in 5 replicates. Data shows mean and SEM from a representative experiment. \*\*\*\* denotes *p* ≤ 0.0001, \*\*\* denotes p of 0.001-0.00011, for a 2 tailed ratio paired Student\'s t-test.

The LL3.CDRAAA mutant was expressed at a similar level to the parent LL3 antibody in HEK293 reporter bioassay cells ([**Fig. 4C**](#f0004){ref-type="fig"}). To control for general variations in luciferase production caused by factors such as transfection variability and reduced cell viability, the Wnt-driven firefly luciferase signal was divided by the constitutive *Renilla* luciferase signal. Comparison of LL3 to LL3.CDRAAA demonstrated that inhibition of Wnt signaling was dependent on binding of LL3 to β-catenin ([**Fig. 4D**](#f0004){ref-type="fig"}), and no inhibition of β-catenin dependent firefly luciferase production or the *Renilla* luciferase signal occurred when LL3.CDRAAA was transfected into HEK293 reporter bioassay cells.

Characterization of anti-β-catenin intracellular antibody LL3 {#s0002-0003}
-------------------------------------------------------------

Intracellular antibody LL3 was further analyzed using LL3.CDRAAA as a control. In addition to stimulation by *Wnt1* transfection, the HEK293 reporter bioassay was stimulated using Wnt3a conditioned media, or the GSK3β inhibitor LiCl~2~, which acts downstream of the cell-surface Wnt-Frizzled interaction. LL3 continued to show significant inhibition of Wnt signaling when the HEK293 reporter bioassay cells were stimulated with each of these methods ([**Fig. 5**](#f0005){ref-type="fig"}). The ability of LL3 to bind endogenous cellular β-catenin was confirmed in immunoprecipitation experiments where LL3 and LL3.CDRAAA with scFc tags were used to immunoprecipate β-catenin from lysed HEK293 cells ([**Fig. 6**](#f0006){ref-type="fig"}). β-Catenin was detected from samples immunoprecipated using LL3, but not LL3.CDRAAA. Figure 5.Activity of intracellular antibody LL3 in the HEK293 bioassay. HEK293 luciferase bioassay cells expressing VHH intracellular antibody were stimulated with LiCl~2~ (**A**) or Wnt3a-conditioned media (**B**). Firefly luciferase activity was measured and plotted as fold stimulation over unactivated cells, 5 replicates were performed for each condition. Results are representative of 2 independent experiments. \*\*\*\* denotes *p* ≤ 0.0001 for a 2 tailed unpaired Student\'s t-test. Data shows mean and SEM. Figure 6.Immuno-precipitation of cellular β-catenin from HEK293 bioassay cellular lysate by LL3. LL3-scFc and LL3.CDRAAA-scFc coated beads were tumbled with lysed HEK293 bioassay cells, and specific bound protein was eluted. Western blots for: (**A**) β-catenin and (**B**) VHH-scFc construct. An untransfected cell lysate sample was included as a positive control for the detection of endogenous β-catenin.

To compare the relative expression levels of β-catenin and intracellular antibody LL3, we performed quantitative Western blots on lysed HEK293 reporter bioassay cells. From the blots, it was estimated that HEK293 cells contained approximately 3.0 × 10^8^ molecules of intracellular antibody LL3, and approximately 9.5 × 10^3^ molecules of β-catenin per cell. The figure for β-catenin was comparable with other reports of 5.4 × 10^4^ molecules of β-catenin per HEK293 cell.[@cit0038] Based on these figures, intracellular antibody LL3 was estimated to be in a large excess over β-catenin, in the region of 20,000 molecules of LL3 per β-catenin molecule.

β-Catenin is a multi-functional protein that is found in 3 distinct cellular compartments: the plasma membrane, the cytoplasm and nucleus. The effects of LL3 binding on the cellular localization of β-catenin were investigated via confocal microscopy using the myc-tag present on the intracellular antibody. β-Catenin was predominantly localized at the plasma membrane, where it is known to form part of the adherence junction.[@cit0004] Expression of intracellular antibody LL3 appeared to be ubiquitous across the cell and did not affect the localization of β-catenin at the plasma membrane, as seen by the yellow rings of β-catenin and LL3 co-localization at the plasma membrane ([**Fig. 7**](#f0007){ref-type="fig"}). These data suggest that inhibition of β-catenin\'s function as a transcriptional co-activator by intracellular antibody LL3 did not affect the role of β-catenin at the plasma membrane. No discernible difference was detected in nuclear β-catenin levels in cells with or without intracellular antibody LL3 expression, which probably reflects the unstimulated nature of these cells, since Wnt signaling had not been activated during these experiments. The images captured by confocal microscopy demonstrate the difference in VHH protein expression levels between individual cells. It is clear that not all the cells in a sample became successfully transfected with VHH encoding DNA, and this may be why complete inhibition of β-catenin signaling was not achieved by intracellular antibody LL3. Figure 7.Confocal microscopy of anti-β-catenin and intracellular antibody stained HEK293 bioassay cells. Fixed HEK293 bioassay cells were stained for intracellular antibody and β-catenin expression; the nuclear stain DAPI was also included. Anti-β-catenin and anti-intracellular antibody images were merged, and yellow donates co-localization. Pictures were taken using Leica TCS SP5 microscope, with 40× magnification.

β-Catenin contains many structural motifs and protein interaction domains. In order to identify which of these were involved in the binding of LL3 to β-catenin, a number of His-tagged-truncated forms of β-catenin ([**Table 2**](#t0002){ref-type="table"}) were produced. On a reducing Western blot, LL3 bound to truncations 2 and 4 as well as to full-length β-catenin ([**Fig. 8**](#f0008){ref-type="fig"}). The binding pattern indicated that the binding domain of LL3 resided between amino acid residues 164--390 corresponding to the first 6 armadillo repeats of β-catenin and was not a conformation-dependent epitope. Table 2.Produced β-catenin fragmentsFragment descriptionAmino acidsPrimer sequences used in constructionMW (kDa)F1. N-terminus and first α helix1--163GTCACAGGATCCATGGCTACTCAAGCTGATTTGATGG\
CAGGTTGTCGACTCATTACTCGTCATTTAGCAGTTTTGTCAGTTCAGG22.0F2. N-terminus and first 6 armadillo repeats1--390GTCACAGGATCCATGGCTACTCAAGCTGATTTGATGG\
CAGGTTGTCGACTCATTATGCAGCATCTGAAAGATTCCTG46.7F3. C-terminus and last 6 armadillo repeats391--781GGTAAGCAGGATCCGCTGCAACTAAACAGGAAGG\
CAGGTTGTCGACTCATTACAGGTCAGTATCAAACCAGGCC46.8F4. All 12 armadillo repeats and C-terminus138--781CTGGTAAGCAGGATCCAACTTGATTAACTATCAAGATGATGCAGAACTTGCC\
CAGGTTGTCGACTCATTACAGGTCAGTATCAAACCAGGCC74F5. Full length1--781GTCACAGGATCCATGGCTACTCAAGCTGATTTGATGG\
CAGGTTGTCGACTCATTACAGGTCAGTATCAAACCAGGCC89.5 Figure 8.Western blots of small scale β-catenin fragment protein inductions. (**A**) Anti-His blot. (**B**) LL3 blot. F refers to fragment; the molecular weights for which are given in [**Table 2**](#t0002){ref-type="table"}.

Discussions {#s0003}
===========

To modify intracellular function, an intracellular antibody must be stably expressed inside a cell and must retain the ability to engage the target antigen with sufficient affinity to exert a functional effect. We identified the β-catenin-specific VHH, LL3, which was characterized in depth and demonstrated these attributes. LL3 exhibited specific function modifying activity when tested in the HEK293 Wnt-induced luciferase reporter bioassay, and while the stability of LL3 in the cell was not directly measured, the specific activity, expression and diffuse cellular staining indicated that the VHH fragment was stable and did not form visible aggregates inside the cell. These observations validated the selection of llama VHH domains for use as intracellular antibodies in this study and were in accordance with previous reports of VHHs as intracellular antibodies.[@cit0039] Mutation of 3 residues in CDR3 of LL3 was sufficient to disrupt antigen binding; this was in line with another intracellular domain antibody study where mutation of 4 residues in CDR1 was sufficient to disrupt intracellular function.[@cit0029]

A number of studies have investigated the effect of intracellular antibody pI on intracellular aggregation,[@cit0045] and concluded that an overall negative charge at pH7.4 was beneficial to intracellular antibody solubility. Consistent with this work the intracellular antibody LL3 studied here was predicted to have a pI value of 6.7.

Intracellular antibody LL3 showed functional inhibition of β-catenin co-transcriptional activity in the HEK293 bioassay stimulated with Wnt1, Wnt3a, and LiCl~2~. Wnt3a and Wnt1 are both thought to signal in a similar canonical fashion, but may use different sets of Frizzled co-receptors.[@cit0046] LiCl~2~ is a potent inhibitor of GSK3β, which prevents β-catenin phosphorylation, hence acting as a stimulator of canonical Wnt signaling. The fact that LL3 could inhibit LiCl~2~ induction of firefly luciferase signal indicates that the interaction of intracellular antibody LL3 and β-catenin modulates signaling downstream of the GSK3β phosphorylation of β-catenin, and thus downstream of the destruction complex ([**Fig. 1**](#f0001){ref-type="fig"}).

The epitope on β-catenin recognized by LL3 was shown to lay between residues 164 to 390. This is a broad region, and the actual LL3 binding epitope is likely to comprise considerably fewer residues. However, it is of interest that the 164--390 region coincides with the binding epitopes of Axin,[@cit0047] Pontin52,[@cit0048] Bcl^-^9,[@cit0049] E-cadherin,[@cit0050] and TCF,[@cit0051] and, consequently, LL3 may work by interfering with one or more of these β-catenin interactions. LL3 inhibited β-catenin transcriptional co-activation activity; hence, it is most likely that LL3 disrupts the interaction of β-catenin with a transcriptional enhancer such as TCF, Bcl^-^9 or Pontin52. The potential sites of other molecules intervention in the Wnt signaling pathway are shown schematically in [**Figure 1**](#f0001){ref-type="fig"}. LL3 may inhibit a similar axis to small molecule compounds PKF 115--854 and CGP049090,[@cit0025] in disrupting the β-catenin/TCF complex, or as carnosic acid inhibiting the interaction of β-catenin and Bcl^-^9,[@cit0021] or alternatively present a novel inhibitory axis between β-catenin and Pontin52.

Although disruption of the β-catenin-Axin interaction cannot be ruled out, disruption of this axis would be expected to increase β-catenin transcriptional co-activation activity, rather than inhibit it when tested by the HEK293 reporter bioassay. Additionally disruption of the β-catenin-E-cadherin interaction would be expected to have modulated β-catenin accumulation at the plasma membrane, which was not witnessed by confocal microscopy of LL3 transfected cells.

Further study of the Wnt signaling pathway intracellular antibodies, such as LL3, may aid the discovery of drugs to target this pathway. The use of antibodies to guide small molecule drug discovery was recently reviewed.[@cit0053] Analysis of the LL3-β-catenin complex crystal structure could identify biologically relevant conformations of β-catenin and opportunities for small molecule blockade of Wnt signaling.

In summary, we have described a novel VHH fragment that functions inside the cell to disrupt the transcriptional activating activity of β-catenin. Such well-tolerated tools will enable further study of the Wnt signaling pathway, with potential to validate sites for therapeutic intervention in multiple diseases.

Materials and Methods {#s0004}
=====================

Generation of full length human β-catenin {#s0004-0001}
-----------------------------------------

The full-length human β*-catenin* cDNA clone was obtained from Origene. β-Catenin was expressed and purified essentially as described.[@cit0006]

Generation of immune VHH phage library {#s0004-0002}
--------------------------------------

Two male llamas were immunised over 3 months with 5 doses of 0.25mg recombinant β-catenin in Freund\'s adjuvant. PBMCs were collected from these animals and RNA purified using RNeasy kit (Qiagen). VH genes were amplified using primers 'llimmlibfor'(SAGGTGCAGCTGGTRGAGTCTGGGGGAG) and 'CH2Ig primer'[@cit0054] by PCR following RT of purified RNA using oligodT primers. VHH genes were specifically distinguished from the resulting PCR product based on size, re-amplified using primer 'FR1for' with 'FR4rev'[@cit0036] and cloned into pASTT. The ligated product was electroporated into XL-1 Blue *E.coli* (Stratagene), and the library was estimated to contain 2 × 10^8^ members. Phage particles were prepared essentially as described.[@cit0055]

Phage panning {#s0004-0003}
-------------

In the first panning experiment, the immune library was incubated in β-catenin-conjugated immunotubes blocked in 3% bovine serum albumin (BSA). Two separate schemes of washing were then performed: a Low wash protocol (5 washes in round 1 and 10 washes in round 2) and a High wash protocol (20 washes in round 1 and 40 washes in round 2), prior to elution of phage with 0.1 M HCl. In the second round of panning, input phage from both wash strategies were panned against both β-catenin conjugated and unconjugated immunotubes. One round of panning was also completed on antigen in solution. Recombinant biotinylated β-catenin was incubated (rolling) with 6 × 10^11^ library phage particles, previously blocked in phosphate-buffered saline (PBS) containing 2.5% milk. β-Catenin and associated phage were then captured out of solution using M280 streptavidin-conjugated Dynabeads® (Invitrogen). The beads were washed by magnetic capture 4 times, and bound phage were eluted as above. Small scale phage rescues were performed for individual *E. coli* colonies picked from output phage infected colonies from each round of all panning conditions. Each sample was tested for binding to β-catenin or streptavidin by ELISA (further detailed below). A positive 'hit' was determined to be any sample with an antigen binding signal greater than 3 times the negative signal.

Bioassay screening {#s0004-0004}
------------------

HEK293 cells stably transfected with Tcf-firefly Luciferase reporter construct (as described by Holdsworth et al.)[@cit0056] were grown in DMEM (Gibco® Life Technologies) supplemented with 10% fetal bovine serum, 2 mM glutamine and non-essential amino acids (Gibco® Life Technologies). Cells were seeded at 5 × 10^4^/well in white poly-D-lysine coated 96-well plates and were transfected with expression plasmids (including the *Renilla* Luciferase pGL4.74 plasmid from Promega) using Lipofectamine 2000 (Gibco® Life Technologies) according to the manufacturer\'s instructions. Plates were incubated for 40 hours at 37°C in 5% CO~2~. When required Wnt3a conditioned media or LiCl~2~ were added, 18 hours post transfection. Following the incubation, firefly and *Renilla* luciferase activity were measured using Dual-Glo® (Promega) as manufacturer\'s instructions. Luminescence was recorded using a Biotek Synergy plate reader.

ELISAs {#s0004-0005}
------

ELISA plates were coated overnight at 4°C. Washes were performed between each step of the assay, and consisted of 4 washes in PBS (containing 0.1% Tween20). All plates were blocked in PBS containing 3% BSA, and all samples were blocked in PBS containing 2.5% milk, for at least an hour prior to addition of screening samples to ELISA plates. Following the final wash, TMB (Calbiochem) was added, and the OD of plates was read at 630 and 490nm, with ΔOD recorded using a Biotek Synergy plate reader.

β-Catenin binding ELISA {#s0004-0006}
-----------------------

ELISA plates were coated with streptavidin (2 μg/mL). Biotinylated β-catenin (1 μg/mL) was added in PBS, for 30 minutes. Blocked samples were added (phage samples or transient VHH-scFc samples). After an hour, bound samples were detected using a suitable antibody at 1 in 5,000 dilution in PBS (containing 3% BSA). Detection antibodies were goat anti-M13-HRP (GE Healthcare) or goat anti-mouse Fc HRP (Jackson ImmunoResearch).

Streptavidin binding ELISA {#s0004-0007}
--------------------------

ELISA plates were coated with streptavidin (2 μg/mL). Blocked samples were added. After an hour bound samples were detected using a suitable antibody at 1 in 5,000 dilution in PBS (containing 3% BSA).

Confocal microscopy {#s0004-0008}
-------------------

HEK293 cells transfected with Myc-His tagged VHH constructs were attached to poly-D-lysine coated 8 well culture microscope slides in complete media. The cells were fixed in 4% paraformaldehyde and blocked/permeabilised in TBS block (containing 0.3% Triton 100, 1% BSA and 5% goat serum) for 1 hour. Anti-myc (9E10) Alexa Fluor® 488 (Gentaur), and anti-β-catenin (6B3) (Cell Signalling Technologies) were then added and incubated overnight at 4°C in a moist chamber. The anti-β-catenin detection antibody, anti-rabbit Alexa Fluor® 647 (Jackson ImmunoResearch), was added at a 1 in 1000 dilution, and incubated for 1 hour in the dark. Finally DAPI ProLong® Gold Antifade (Invitrogen) was added with a coverslip. Images were captured using a Leica TCS SP5 microscope.

VHH-scFc protein production {#s0004-0009}
---------------------------

HEK293 cells were transfected with VHH-scFc expression vectors using 293fectin™ (Invitrogen), in accordance with the manufacturer\'s instructions. The single chain mouse IgG Fc constructs comprised VHH, hinge, CH2 and CH3 domains, linked to another hinge, CH2, CH3 sequence through a 59 amino acid linker (GGSSTASGSGSGGSGTAGSSGGAGSSGGSTTAGGSASGSGSTGSGTGGASSGGASGASG). This construct had previously been shown to aid extracellular expression, purification and orientated immobilisation, and as a tag for VHHs. Transfected HEK293 cells were incubated at 37°C, with 5% CO~2~ on a shaking platform for 5--6 d. The cells were then harvested from the cultures by centrifugation at 423×*g,* and the VHH-scFc containing supernatant was stored at 4°C.

Immunoprecipitation {#s0004-0010}
-------------------

HEK293 bioassay cells, 2 × 10^6^, were washed in ice-cold PBS, and resuspended in 200 μL of ice-cold lysis buffer (including protease inhibitor cocktail). The samples were then rolled at 4°C for 30 minutes, followed by centrifugation for 15 minutes at 10,000×*g* at 4°C. The HEK293 cell lysate supernatant was then removed into a fresh chilled microfuge tube. VHH-scFcs were conjugated to sheep anti-mouse Fc Dynabeads® (Invitrogen) as manufacturer\'s instructions. The beads were then each added to 500 μL of HEK293 cell lysate and rolled at 4°C overnight. Each set of beads were magnetically captured out of solution and individually washed 3 times in fresh cell lysis buffer. Protein was then eluted from the beads by boiling in LDS sample buffer including dithiothreitol (DTT) (Invitrogen) for 5 minutes. Samples were then analyzed by anti-β-catenin and anti-VHH-scFc Western blots.

SDS-PAGE and immunological detection of proteins (Western blotting) {#s0004-0011}
-------------------------------------------------------------------

Appropriate amounts of protein samples were separated by SDS-PAGE on 4--12% bis-tris gels (Invitrogen), before being electro-blotted using iBLOT (Invitrogen) onto PVDF membranes. Membranes were probed by incubation with appropriate antibodies. These included mouse anti-myc (9e10, Gentuar) and goat anti-mouse Fc HRP (Jackson ImmunoResearch) for the detection of VHHs with and without scFc tags; biotinylated-LL3 (produced in-house), rabbit anti-β-catenin (6B3, Cell Signalling Technologies) and rabbit anti-penta HIS (Bethyl laboratories) followed by streptavidin HRP (Jackson ImmunoResearch) or anti-rabbit Fc HRP (Jackson ImmunoResearch) respectively for the detection of β-catenin. All membranes were developed with Pico Super Signal ECL (Pierce) for 5 minutes, and images captured using ImageQuant LAS 4000 (GE Healthcare) and densitometry of resulting bands analyzed by ImageQuant TL analysis software.

β-catenin fragment generation {#s0004-0012}
-----------------------------

BL21 Star™ DE3 cells (Invitrogen) expressing each of the β-catenin constructs (shown in [**Table 2**](#t0002){ref-type="table"}) were grown in antibiotic selective 2xTY media supplemented with IPTG (final concentration of 0.3 mM), shaking overnight. Cells from the overnight culture were harvested by centrifugation at 4,000×*g* for 5 minutes. The pelleted cells were lysed with 1× Bugbuster® (Novagen) containing Lysonase (Novagen) in 20 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, 2 mM DTT) by rolling at room temperature for 20 minutes.
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